The mechanical properties of steel are the most important factor in the safety of structures that must be stable and appropriate. In order to investigate whether the process capability of steel production meets the quality requirements or not, Sung et al. proposed a procedure to evaluate the production and quality control of steel manufacturing. This evaluation model uses statistics to judge the quality of steel objectively. However, there are various types of steel which can satisfy the engineering requirements of design and construction, but procedures are lacking with which to evaluate the multi-process capability of the whole steelwork. In this paper, the objective evaluation methods proposed by Sung and Vännman are modified appropriately and extended by using the principles of statistical inference. A procedure to evaluate the quality of the multi-process capability analysis method is proposed. This evaluation method not only completely evaluates the process capability and quality, but it also improves the production process and quality control capability, and so can reduce production loss.
Introduction
Taiwan and Japan are located around the Pacific seismic belt where earthquakes happen frequently. Thus, the capability of resisting earthquake-induced forces is the most important factor of a structure there. In engineering, steel is used to take tensile stress. The main reason is not only that the Poisson's ratio of steel approaches that of concrete, but that steels also provide good tensile strength and ductility. The investigation into the devastating Hanshin-Awaji and Chi-Chi earthquakes found that collapses of some of the structures were caused mainly by the tensile strength of the steel used being too high or too low.
Correspondence and offprint requests to: Dr W.-P. Sung, Department of Landscape Design and Management, National Chin-Yi Institute of Technology, Taiping, Taichung, 41111 Taiwan. E-mail: sung809Ȱ chinyi.ncit.edu.tw A steel structure is more reliable than a wooden structure or a reinforced concrete structure for resisting earthquake-induced forces [1, 2] . According to these results, steel will be widely used in the construction industry in Taiwan and Japan. Carbon steel, high strength-low alloy steel and heat treatment-low alloy steel are often used as constructional materials for frame structures. Additionally, in order to promote the earthquake resistance capability of a structure, new steels for construction have been developed such as: low yielding ratio steel; narrow yielding stress variation steel; and low yielding stress steel.
To increase the strength and provide special functional characteristics to steel, alloying elements other than carbon are added to produce steels of various yielding stress. Quenching and tempering heat treatment procedures can also be used to obtain higher yielding steel. The key aspects of the production process are puddling and heat treatment after crushing. These techniques affect the mechanical properties of the steel. In order to ensure the quality of the steel, the analyses of chemical composition and mechanical behaviour are tested. The test of steel monotonically loaded in tension is widely used to ascertain the quality of steel that has a major effect on the safety of structures. Although there are some analytical methods for evaluating the production process control of steel, there is still a lack of evaluation methods to estimate the efficiency of the production processes control involved. The purpose of this work is to propose a procedure to evaluate the quality and control capability of the multi-processes of steelworks.
At this time, many new evaluation methods are continually being developed to enhance the analysis and the evaluation of a satisfactory production process, for the loss function of the production process and for the index of production capability. The technology of engineering quality analysis is very mature for assessing the production capability. Effective methods for evaluating production processes are provided by many workers such as Kane [11] proposed indices of accuracy and precision to evaluate the quality and tensile strength of steel bars. A new index, the quality index, for the tensile strength of steel reinforcing bars is created to evaluate the production quality and efficiency of steel bar manufacture by combining these two indices. This method is useful for improving and promoting the structural quality in the initial stage. X represents the tensile strength of a steel reinforcing bar that is manufactured by one of the steelworks. The values of X are not likely to be the same. Thus, Sung et al. [11] pointed out that X is a random variable. Since the quality of structures is affected by the tensile strength of steel, the difference between actual tensile strength X and target value T should be less than d, which is called the tolerance error value. Consequently, the tensile strength value of steel, which is called the target value T, should be appropriate. The actual tensile strength of steel should result in a tolerance interval T Ϯ d in which the upper tolerance limit UTL is from T plus d (UTL ϭ T ϩ d) and the lowest tolerance limit LTL is from T minus d (LTL ϭ T Ϫ d). When the tensile strength of steel exceeds the upper tolerance limit or is below the lowest tolerance limit, the quality of steel does not meet the required specification. According to the above-mentioned procedure, the evaluation formulae for the index of fit and stability can be defined as follows:
where is the average tensile strength, and 2 is the variance value for the tensile strength of steel. When approaches T, the fit degree reaches the standard. Therefore, in accordance with the definition of the index Q if , Q if Ͼ 0 ( Ͼ T), it shows that the average tensile strength of the steel bars is greater than the target value T. On the other hand, Q if Ͻ 0 ( Ͻ T) indicates that the average tensile strength of the steel bars is smaller than the target value T. Thus, the steelworks can improve the manufacturing procedure based on the index of fitness. The values of variance ( 2 ) represent the stability of the tensile strength of the steel. A lower value of 2 indicates a more stable tensile strength.
In this paper, the index proposed by Boyles [8] is used to evaluate the manufacturing process capability on the strength using the above indices. The relationship of the indices and the rate of resulting tolerances are investigated simultaneously. Finally, the procedure to evaluate the quality and the quality control capability of multi-process of steelworks is proposed by making use of the theoretical analytical principles of statistical inference and the evaluation proposed by Vännman and Deleryd [12] . This new procedure is not only useful for customers to examine and compare purchase decisions, but it is also the best way to improve the process capability of steelworks.
The Quality Index of Steel and the Rate of Tallied Tolerance
The indices of fit and stability of tensile strength of the steel are used to evaluate whether the fitness and stability meet the required specifications or not. The denominator d of the index of stability is called the tolerance error value which can be specified in structural design criteria or in a contract or agreement between a purchasing unit and a manufacturer. When the process capability is stable and the assumed d is a constant value, then it reveals that the variance value of the tensile strength is small. This indicates that the index Q is is small, so the quality of the steel is stable. Therefore, a smaller value of Q is represents higher stability. The differences of the actual tensile strength of steel X, and target value T, are usually less than the tolerance error value d. This indicates that the tensile strength of steel attains the required specification, otherwise, the quality of the steel reinforcing bars is not acceptable. The rate of tallied tolerance p can be calculated as p ϭ P(LTL Յ X Յ UTL). The larger the value of p the better is the quality of the steel. The rate of tallied tolerance p can be defined by the following expression based on the assumption of normal distribution.
where P (b) is the cumulative probability density function of random variable X.
Owing to
where UTL is the upper tolerance limit, and LTL is the lowest tolerance limit. The rate of tallied tolerance can be defined as follows:
where ⌽(b) is the cumulative function of standard normal distribution.
When the value of Q if is equal to "0" ( ϭ T), the index Q is is the function of the rate of tallied tolerance p as follows:
In accordance with Eq. (4), when the value of Q is is low, it indicates that the rate of tallied tolerance is high. For example, when the values of the index Q is are /, ., and 1, then the rate of tallied tolerance p can be calculated by using Eq. (4), as shown as follows:
